Two novel silver complexes with thianthrene (TA) as a ligand have been synthesized in the poorly coordinating solvent liquid sulfur dioxide, using silver salts with weakly coordinating anions [BF 4 ] − and [SbF 6 ] − . Both colorless compounds contain discrete molecular entities and SO 2 molecules included in the crystal structure. Selection of crystals and the diffraction data collection were performed at low temperatures (123 K). The tris(µ-thianthrene-κ 2 S)disilver(I) bis ( 
Introduction
Thianthrene (TA) has been the focus of extensive research since it exhibits interesting properties. Its crystal structure has been determined several times [1 -3] . The two planar aromatic rings define the dihedral angle of the molecule which is folded along the S-S axis by 127
• at 163 K and 128
• at 295 K. Solution 1 H NMR studies show a substantially larger angle of 140.2 (2) and 141.6(2) • in two different nematic phases [4] . With a dihedral angle of 131 • electron diffraction studies in the gas phase indicate a molecular shape similar to that in the crystalline state [5, 6] . Thianthrene shows a remarkable electrochemistry. It can reversibly be oxidized to the stable radical cation, which is of planar molecular shape [7] .
Many efforts have been made to prepare complex compounds with the butterfly-shaped molecule acting as a ligand towards various metal atoms. However, only few reports have been published containing crystallographically supported data for TA-metal complex structures. Most of the complex structures have been 0932-0776 / 07 / 1000-1291 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Molecular formula of thianthrene (TA).
proposed indirectly based on spectroscopic data or on the mode of chemical reactions [8, 9] .
The crystal structure determination of [Au(TA)Cl 3 ] showed that the planar coordinated gold(III) ion is bound to TA via one sulfur atom; TA is thus acting as a monodentate ligand [10] . The (cyclopentadienyl iron) + fragment in [(Cp)(TA)Fe] [PF 6 ] is bound via one η 6 -coordinating phenyl ring to the bent TA molecule [11] . As both its sulfur atoms are separated by 3.2Å, TA is a potential bidentate chelate ligand which can coordinate either one metal atom in η 2 mode or two metal centers simultaneously in κ 2 S mode. [12] . Two Ag + ions are coordinated by TA in an η 2 fashion. Additionally, π-arene interactions between two carbon atoms of the phenyl rings and the Ag atoms are present. Thianthrenophane (TA-C(CH 3 )=C(CH 3 )-) 2 coordinates Ag + ions in a similar fashion and forms a coordination polymer [13] .
In the present work we studied the coordination behavior of TA considering the influence of weakly coordinating anions and a weakly coordinating solvent. In ligand exchange reactions the 'stronger' ligand replaces the 'weaker' one from the metal center. To increase the coordinating tendency of TA towards metal ions we used the poorly coordinating solvent liquid SO 2 , which forms very labile [M(SO 2 ) y ] x+ complexes and keeps metal ions in a highly reactive, al- 6 ] − is more bulky and shows an even weaker coordinating ability [14] .
Results and Discussion
Colorless single crystals of complexes 1 and 2 were grown from solutions in liquid SO 2 containing the respective silver salt and TA. The SO 2 solutions in all experiments were, however, not colorless but showed a pink to violet color. This indicates a partial oxidation of thianthrene to the respective radical cation which is deeply colored and in higher concentrations gives the solutions in SO 2 a dark violet appearance. The nature of this reaction is presently under investigation.
The crystal stucture of tris(µ-thianthrene-κ 2 S)-
− anions, and five SO 2 molecules per formula unit. Fig. 1 ions. Despite exhibiting no crystallographic symmetry, the complex deviates only slightly from point group D 3h symmetry with the threefold rotation axis running along the Ag1-Ag2 axis. Each Ag + ion has a trigonal coordination environment by three sulfur atoms of three TA molecules. The two Ag + ions are located close to the centers of the triangular faces of a distorted trigonal prism made up of the six sulfur atoms of the three thianthrene molecules (Fig. 2) . It is remarkable that the two Ag + ions are shifted by 0.159Å (Ag1) and 0.192Å (Ag2) out of the plane of the three coordinating sulfur atoms towards each other, resulting in an Ag···Ag separation of 2.911Å, explicitly shorter than the average S···S separation, which amounts to 3.277Å. Although the Ag···Ag separation is longer than the sum of the ionic radii of Ag + (2.46Å [15] ), it is within the range assumed for significant d 10 ···d 10 interactions in Ag(I) compounds [16, 17] . The Ag-S bond lengths are in the narrow range from 2.520 to 2.543Å, with an average of 2.533Å, considerably shorter than in the related complexes [Ag 2 (TA) 2 ][ClO 4 ] 2 (Ag-S = 2.631 and 2.791Å [12] ) and in the chainlike polymer based on thianthrenophane [Ag{(TA-C(CH 3 4 ] (Ag-S = 2.81Å [13] ). The TA 3 ] 2+ complexes are arranged in layers parallel to the ab plane of the crystal structure (Fig. 3) . The packing of the phenyl rings determines this arrangement. The complexes form the motif of a cubic close packing with the stacking sequence ABC perpendicular to the ab plane. Between these layers, the [ per formula unit. Fig. 4 shows the structure of the [Ag 2 (TA) 2 ] 2+ coordination unit, the tetrafluoroborate ion and the two independent SO 2 molecules. Selected structural parameters are listed in Table 2 . The [Ag 2 (TA) 2 ] 2+ complexes are built of two TA units each bridging two Ag + ions. The complex ion has a crystallographic inversion center, but the overall symmetry is only slightly distorted from point group D 2h symmetry. Each Ag + ion is almost linearly coordinated by two S atoms with an angle S1-Ag-S2 I = 171.04(3) • . The two S-Ag-S units are bent inwards resulting in a Ag···Ag separation of 2.925Å, almost identical to the one observed in the structure of 1, and considerably shorter than the S···S separation S1-S2 = 3.264Å. The Ag-S bond lengths (2.47 and 2.48Å) are even shorter than in the structure of 1. This shortening, however, is expected, since the coordination number of the Ag atoms is smaller in the structure of 2. The TA ligand molecules have dihedral angles of 133.0
• and are thus flattened -as in complex 1 -with respect to the uncoordinated molecule.
The [BF 4 ] − anion and one of the two SO 2 molecules show disorder (Fig. 4) . In the structure refinements, the smeared electron density around the B atom was refined assuming two fully occupied and four only half occupied F atom positions. (Fig. 6 ).
Conclusion
Two complexes were synthesized from thianthrene and silver salts with weakly coordinating anions in the poorly coordinating solvent liquid SO 2 . Both complexes are dinuclear and are built of pairs of Ag + ions with short Ag-Ag distances of 2.9Å. Thianthrene acts as a bridging ligand in the so far unobserved κ 2 S mode. The differences between the two complexes are obviously the result of the differences between the two used anions. The more weakly coordinating anion [SbF 6 ] − allows for the complexation of the Ag-Ag dumbbell by three trianthrene molecules while the smaller and slightly more nucleophilic anion [BF 4 ] − causes the complexation by only two thiantrene ligands, which allows for a stronger additional complexation of the Ag + ions by SO 2 and by the F atoms of the anions.
Experimental Section
Silver tetrafluoroborate (Aldrich) and silver hexafluoroantimonate (Acros) were used as purchased. Thianthrene (Aldrich) was purified by recrystallization from ethanoltoluene before use. Sulfur dioxide (Air Products) was stored over P 4 O 10 and freshly distilled into the reaction vessel. H-shaped, two-compartment, thick walled glass reaction vessels equipped with teflon screw cocks (Young) and a glass frit between the two tubes were used for all reactions. These vessels withstand the equilibrium pressure (approx. 3 bars) of liquid SO 2 at ambient temperature and are described in detail in [18] . (1) 79.4 mg (0.23 mmol) Ag [SbF 6 ] and 50 mg (0.23 mmol) thianthrene were placed separately into the bulbs of an H-shaped vessel under argon atmosphere and with protection from intensive sunlight. 30 mL of SO 2 was then distilled into the bulb containing TA which dissolved completely to give a yellow solution. The vessel was closed with the teflon valves. After having reached r. t. the solution was poured into the other bulb which contained the silver salt. The solution darkened within a few days and finally reached a pink to light violet color. Colorless crystals began to grow on the walls of the vessel after one day. (2) 45 mg (0.23 mmol) Ag [BF 4 ] and 50 mg (0.23 mmol) thianthrene were placed separately into the bulbs of an H-shaped vessel under argon atmosphere and with protection from sunlight. The reaction was performed as described for 1. The final color of the solution was pink, and colorless crystals appeared after one day.
X-Ray structure determinations
The crystal selection from the vessels was performed under a stream of cold nitrogen. Crystals were transferred into a cold (200 K) perfluorinated oil. The selected single crystals were mounted on a Bruker-Nonius Kappa-CCD diffractometer equipped with an Oxford Cryostream cooling device. Crystal structures were solved by Direct Methods and refined using the SHELX-97 program suite [19] . A semi-empirical absorption correction by the multi-scan method was applied to both data sets [20] . Hydrogen atoms were refined as riding on their attached carbon atoms with isotropical displacement factors fixed to 1.2 times the value of the respective C atoms. In the structure determination of 2, partially occupied positions of F atoms in the [BF 4 ] − anions and of O atoms of one of the SO 2 molecules were observed. The atomic positions of F3, F4, F5, F6, O3, O4 were refined with occupation factors fixed to 0.5. Crystal data and details of the structure determinations for both compounds are summarized in Table 3 .
CCDC 646102 (1) and CCDC 646101 (2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request /cif.
